Abstract. We report relative dephasing cross sections for the 20 biogenic protonated amino acids measured using the cross sectional areas by Fourier transform ion cyclotron resonance (CRAFTI) technique at 1.9 keV in the laboratory reference frame, as well as momentum transfer cross sections for the same ions computed from Boltzmann-weighted structures determined using molecular mechanics. Cross sections generally increase with increasing molecular weight. Cross sections for aliphatic and aromatic protonated amino acids are larger than the average trend, suggesting these side chains do not fold efficiently. Sulfur-containing protonated amino acids have smaller than average cross sections, reflecting the mass of the S atom. Protonated amino acids that can internally hydrogen-bond have smaller than average cross sections, reflecting more extensive folding. The CRAFTI measurements correlate well with results from drift ion mobility (IMS) and traveling wave ion mobility (TWIMS) spectrometric measurements; CRAFTI results correlate with IMS values approximately as well as IMS and TWIMS values from independent measurements correlate with each other. Both CRAFTI and IMS results correlate well with the computed momentum transfer cross sections, suggesting both techniques provide accurate molecular structural information. Absolute values obtained using the various methods differ significantly; in the case of CRAFTI, this may be due to errors in measurements of collision gas pressure, measurement of excitation voltage, and/or dependence of cross sections on kinetic energy.
Introduction W e recently introduced a new method for measuring ion dephasing cross sections using Fourier transform ion cyclotron resonance (FTICR) mass spectrometry [1, 2] . The method is based on measuring the rate of ion loss from the coherently-orbiting ion packet prepared after an FTICR excitation, and we refer to it by the acronym CRAFTI (cross sectional areas by Fourier transform ion cyclotron resonance). Essentially the same method, although employing different data analysis techniques, has recently been applied to larger biomolecular ions such as ubiquitin and cytochrome c [3] . Although relative CRAFTI cross sections have been shown to correlate with measurements made using drift ion mobility spectrometry (IMS) and with momentum transfer cross sections calculated from molecular models [1] , absolute agreement between CRAFTI cross sections and IMS results is generally poor because of the significant differences between the techniques: CRAFTI involves single, high energy collisions between ions and (typically) neutral Ar atoms, whereas IMS involves multiple, essentially thermal collisions between ions and (typically) He or N 2 .
As the building blocks of proteins, the 20 biogenic amino acids are among the most important biomolecules, and their fundamental chemistry has attracted a great deal of attention over the years. The mobilities of the protonated biogenic amino acid ions have been reported at least three times [4] [5] [6] , and cross sections for an abbreviated set examined using traveling wave ion mobility spectrometry (TWIMS) have also been reported [7] . Mobilities for a set of abiogenic amino acids, which showed a correlation between molecular weight and mobility, have also appeared [8] .
Because they are well-characterized small molecules and represent a set of diverse molecular structures, the protonated amino acids are ideal for examining the utility of CRAFTI measurements for characterizing molecular structure. We have therefore converted the reported mobilities of the protonated amino acids to collision cross sections for comparison with measured CRAFTI cross sections, which can now be determined more accurately and with greater precision because of a new innovation for measuring pressures in the FTICR trapping cell [9] . We also report momentum transfer cross sections calculated from molecular modeling, and compare the computational results with the experimentally measured values to extract structural insights about the protonated amino acids.
Experimental

Materials
Amino acids were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. Electrospray samples were prepared by first dissolving in 88% formic acid (Mallinckrodt Baker Inc., Phillipsburg, NJ, USA) and then diluting with methanol/water (50:50) to a final concentration of 100-200 μM. Argon gas was purchased from Airgas (Radnor, PA, USA) at a purity of 99.995%.
Instrumentation
All experiments were conducted using a Bruker model APEX 47e Fourier transform ion cyclotron resonance mass spectrometer controlled by a MIDAS Predator [10] [11] [12] data system and equipped with an infinity cell [13, 14] and a 4.7 T superconducting magnet. Ions were generated in a microelectrospray source modified from an Analytica (Branford, MA, USA) design, with a heated metal capillary drying tube based on the design of Eyler et al. [15] . The instrument was equipped with a Freiser-type [16] pulsed leak valve consisting of a 0.004" orifice pressurization solenoid valve backed by a 28 psig Ar supply line and a 0.039" orifice evacuation solenoid valve connected to a mechanical vacuum pump (both valves from General Valve Corp., Fairfield, NJ, USA). Both solenoid valves were connected to the highpressure side of a precision variable leak valve (Varian, Palo Alto, CA, USA); the volume of the Bvalve space^between the two solenoid valves was approximately 4 mL. Steady-state pressures obtained with the pulsed leak system were varied by varying the length of time the pressurization solenoid valve was left open (while the evacuation solenoid was left closed). The operation and performance characteristics of our pulsed leak valve have been described in more detail elsewhere [9] .
Procedures
Radio frequency (rf) excitation amplitudes were measured with an oscilloscope at the output of the final excitation amplifier, and were also characterized by measuring the excitation amplitudes required to eject ions from the trap at various excitation durations. These two methods give slightly different absolute peak-to-peak voltages, but exhibit excellent linear correlation with each other (R 2 > 0.99). Absolute pressures were measured by measuring Ar + linewidths in Ar background gas as described in detail elsewhere [9] . Briefly, the linewidth of Ar + in neutral Ar was measured for each of the pulsed leak valve pressurization durations. Ar + in Ar momentum transfer cross sections from the literature [17] enable calculation of the absolute pressure from the measured linewidths. Pressures measured in this way [9] are calibrated for Ar and so are not subject to uncertainty from chemical sensitivity, and are measured in the trapping cell so are not subject to errors resulting from measurement at a point remote from the trapping cell. They do not involve ion current measurements, so are not adversely affected by the magnetic field. These pressure measurements were performed both before and after each amino acid cross section measurement. The average pressure was used in determining the amino acid CRAFTI cross section, although pressure drifts were generally less than 2 × 10 -9 mbar. The procedure for the cross section measurements is described in detail elsewhere [1] . Briefly, protonated amino acid ions were generated via electrospray and injected into the FTICR trapping cell. No attempt was made to maintain constant ion abundances from one measurement to the next, aside from assuring that a strong signal was always present in each experiment. Next, the ions were monoisotopically isolated using SWIFT techniques [18] , followed by pulsing Ar into the FTICR trapping cell to a constant pressure using the pulsed leak valve, waiting for 3 s to allow collisional damping of any residual excitation from the SWIFT event, then exciting the ions via a single-frequency pulse at their resonant cyclotron frequency for 350 μs with an amplitude appropriate to achieve the desired kinetic energy (in this case, a laboratory frame energy of 1.9 keV, a value arbitrarily chosen because it allowed collection of strong signal for all of the target ions with a short excitation event). The short excitation event minimizes the probability of collisions occurring during the excite, although experiments performed with different excite amplitudes and durations that each result in the same net excitation exhibit only small, random variation in the measured cross sections, even at the highest pressures used, suggesting that under the conditions employed, collisions during the excitation are not significant.
The resulting time domain image current signal yields a frequency domain power spectrum after Fourier transformation with one zero fill and no apodization; typically about 10 scans were averaged for each spectrum. A set of power spectral full width at half maximum linewidths measured at various Ar pressures is collected. Plots of linewidths versus collision gas number density are generally linear, and the slope is used to determine the CRAFTI cross section. Experimental results were processed using the Igor Pro software package (version 6.34A; Wavemetrics, Lake Oswego, OR, USA).
Computational Modeling
Molecular structures were obtained using the Spartan '08 package (Wavefunction, Inc., Irvine, CA, USA) for conformational searching using the MMFF force field provided in the package, requesting 10,000 starting conformers (but systematic searches sometimes completed after examining fewer than 10,000 structures). In each case, the amino acid was protonated on the amine group. For each protonated amino acid, the five conformers with the lowest MMFF energies were analyzed using the MOBCAL package [19] [20] [21] [22] , and their momentum transfer collision cross sections were computed using the projection approximation, using the exact hard sphere scattering method, and using the trajectory method as implemented in MOBCAL. MOBCAL assumes the neutral collision gas is He. The resulting cross sections for these lowest-energy conformers were then weighted using a 300 K Boltzmann distribution function and averaged. We justify this averaging by noting that none of the techniques used for experimentally measuring the cross sections have sufficient resolution to resolve the different conformers that may be present for a given amino acid; in particular, the experimental arrival time distributions in the literature [4, 5] show single peaks for each amino acid. A similar averaging approach has been used previously [7] .
Results
Collision Cross Sections of Protonated Amino Acids
Cross sections for 20 singly protonated amino acid ions, measured using CRAFTI at a kinetic energy of 1.9 keV in the laboratory reference frame, are listed in Table 1 , along with values computed from previously reported [4] [5] [6] reduced mobilities, values measured using TWIMS [7] , and values from MOBCAL exact hard sphere scattering (EHS) calculations performed as described above (the MOBCAL projection approximation and trajectory methods give results quite similar to those of the EHS calculations, but we focus on EHS values because the CRAFTI experiments are conducted at energies where the hard sphere potential is probably the best description of the interaction between the neutral collision gas and the ion). The values from references [4] [5] [6] were calculated from the reduced ion mobilities reported therein using Equation 1 [23, 24] .
Here, Ω is the momentum transfer cross section, z is the charge on the ion, e is the elementary charge, N 0 is the number density of an ideal gas at a pressure of 1 atm, μ is the reduced mass of the collision system, k is Boltzmann's constant, T is the absolute temperature, and K 0 is the reduced mobility. Please see the Supplementary Material for a compilation of the reduced mobilities and the calculations.
A few trends are evident from the table. First, with a spread of over 200 Å 2 , the CRAFTI results span a much larger range of values than any set of IMS measurements (each of the IMS measurements of the 20 amino acids spans less than 30 Å 2 in total spread). Next, examining the IMS data, cross sections measured in Ar are smaller than those measured in N 2 , whereas those measured in CO 2 are larger than those measured in N 2 . This is consistent with what would be expected based on the relative sizes of the collision gases. With the exception of the TWIMS results, all of the experimental values are larger than the computed cross sections.
Discussion
In the discussion that follows, we first examine the structural differences among the protonated amino acids that can be gleaned from the cross section results. Since the goal of most cross section experiments is to distinguish among structural possibilities by comparison with computational results, we next examine the correlation between the experimental results and the conformationally averaged computed cross sections. We will show that each of these comparisons suggests CRAFTI measurements detect differences in molecular structure in the gas phase. Finally, we discuss possible explanations for why the CRAFTI cross sections are not in good quantitative agreement with the computed values.
Structural Information for Protonated Amino Acids from Cross Sections
Cross sections computed using exact hard sphere scattering, measured using CRAFTI in Ar at 1.9 keV in the laboratory frame, and using IMS in N 2 with a 269 V cm -1 drift field [5] for the 20 protonated amino acids are plotted versus molecular weight in Figure 1 . This set of IMS values is shown because it is from the most recent publication that includes all 20 amino acids and because the field strength is intermediate between the field strengths used for the other reported IMS measurements. As expected, cross sections generally increase with molecular weight. However, deviations from this general trend, arising from structural differences in the protonated amino acids, are seen as patterns in the data. Strikingly, almost identical patterns in these deviations are evident in the calculated results and in both experimental data sets. This strongly suggests that CRAFTI is sensitive to molecular structure in much the same way as IMS, and that both experimental methods reflect structural trends also captured by the calculations.
Compactness of Protonated Amino Acids in the Gas Phase
The general correlation between cross section and molecular weight has been noted previously [8] , and is clearly evident in all three data sets. Unsurprisingly, higher molecular weights generally indicate more atoms and correspondingly larger cross sections. The linear fits plotted as dotted lines in Figure 1 represent the average variation in cross section with mass for the protonated amino acids, determined using each method. Deviations from this general trend are of particular interest, and are the focus of the following discussion.
The aliphatic amino acids Ala, Val, Leu, and Ile all have cross sections that are greater than the average trend line in all three data sets, suggesting that aliphatic side chains do not fold as compactly as in the average amino acid. This reflects the weaker dispersion and ion-induced dipole interactions that dominate for these nonpolar side chains. This observation has been made previously for the TWIMS data [7] . Similarly, the aromatic amino acids Phe and Tyr both have cross sections greater than predicted for the average amino acid in all three data sets, suggesting that aromatic side chains do not fold as compactly as the average side chain, perhaps because of weaker interactions and the high rigidity of aromatic substituents.
The sulfur-containing amino acids Cys and Met each have cross sections below the average trendline in all three data sets. The relatively small cross sections for Cys and Met likely reflect the fact that the heavy sulfur atom adds mass to the amino acid without adding as much bulk as, for example, two lighter oxygen atoms would add. The effect of the sulfur atom is evident when sulfur is substituted for oxygen, as in comparing Ser and Cys: the sulfur atom leads to a larger cross section for Cys, probably both because the S atom is larger than O and because less internal hydrogen-bonding is possible for the thiol in Cys than for the alcohol group in Ser.
The effects of internal hydrogen-bonding, which have been noted previously in the TWIMS study [7] , can be examined by comparing Val, which has an aliphatic side chain that cannot hydrogen-bond effectively, with Thr, which has a side chain of the same length and shape but that can hydrogen-bond through its OH group. Both the CRAFTI and IMS data and the computational results indicate that the cross section of Thr is smaller than that of Val, suggesting that internal hydrogenbonding enables more compact folding of the side chain in this case. Similarly, Asn, Asp, Gln, Glu, His, and Arg, all of which can internally hydrogen-bond, have cross sections less than the average trend in all three data sets. This is especially the case for His, which of course has a cyclic side chain and would therefore be expected to be compact. Interestingly, the cross section of protonated Lys is on or slightly above the average trend line, despite the presumed ability of its long, basic side chain to internally hydrogenbond. Perhaps the ring that would result, which would be at least eight-membered, is too large to allow optimal internal hydrogen-bonding or compact folding.
The three data sets disagree about whether protonated Cys has a larger cross section than protonated Thr; CRAFTI and EHS indicate Cys is smaller, whereas IMS has Cys larger. Both these amino acids have side chains that are two heavy atoms long, although the Thr side chain includes a branch (which would tend to increase the cross section). On the other hand, the OH group of Thr is capable of internal hydrogen-bonding with both the ammonium and acid groups (which would tend to decrease the cross section), whereas that tendency is much less for the SH of Cys. Thus, it is difficult to decide which data set provides a more accurate description. 
Distinguishing Isomeric and Isobaric Structures
All three data sets compared in Figure 1 , and the TWIMS results as well ( Table 1 ), indicate that Leu has a significantly larger cross section than Ile; placement of the side chain's methyl branch closer to the main amino acid chain is inherently more compact. Similarly, Gln and Lys, which at m/z 147.077 and 147.113, respectively, are nearly isobaric, can be distinguished on the basis of a larger cross section for Lys; the longer Lys side chain probably explains the difference. Unfortunately, it is likely that mixtures of these isomeric or isobaric amino acids will be problematic in practical measurements because CRAFTI, IMS, and TWIMS (as they are currently practiced) do not have sufficient resolving power to separate species with such similar cross sections. In summary, CRAFTI measurements show the same structural trends that are evident in the EHS calculations and in the IMS cross sections. These structural trends are consistent with expectations based on the intramolecular interactions within the protonated amino acids, suggesting that CRAFTI, like IMS, can be used to deduce structural information. Our confidence in such conclusions is increased by the strong qualitative agreement between the different, independent methods.
Correlation of Experimental Cross Sections with Cross Sections Computed Using the Exact Hard Sphere Scattering Method
One of the great merits of ion mobility measurements is that cross sections derived from mobilities have been shown to correlate with molecular structure, so mobility measurements can be used to obtain structural information. CRAFTI cross sections should correlate with molecular structure if CRAFTI is to have analytical value. One means of evaluating the utility of CRAFTI measurements for obtaining structural information is to examine how they correlate with cross sections computed from structures derived from molecular modeling. This is especially appropriate given that one of the most important applications of cross section measurements is to distinguish between candidate molecular structures or conformers, which usually originate from molecular modeling. The correlation of the experimental data sets with Boltzmann-weighted average EHS cross sections is shown in Figure 2 , with parameters obtained from the fits compiled in Table 2 .
Inspection of Figure 2 and Table 2 . shows that the correlation lines for most of the IMS data sets have similar slopes, but none of them are within experimental error of the Bideal^value of 1. Similarly, none of the intercepts are within experimental error of zero. Strikingly, the slope for the CRAFTI correlation curve is much greater than those for the IMS data, and the intercept is far from zero. We will discuss possible explanations below.
None of the experimental data sets (except the TWIMS data [7] , which were calibrated to agree) agree particularly well with the computed EHS cross sections, although the absolute agreement is better for the IMS results than for CRAFTI. In fact, it is a little puzzling that the IMS results do not agree more closely with the calculations because the MOBCAL trajectory method calculation is designed and calibrated to reproduce IMS results. Cross sections for 20 protonated amino acids computed using exact hard sphere scattering theory (EHS), and measured using CRAFTI in Ar at 1.9 keV in the lab frame or ion mobility spectrometry in N 2 with a 269 V cm -1 drift field [5] , plotted as a function of molecular weight. Lines between data points serve only to guide the eye and make patterns in the data evident. Dotted lines are linear fits to each data set. Error bars represent 1 standard deviation from replicate measurements (CRAFTI) or from replicate published measurements (IMS). Note that the CRAFTI data reference the left axis, whereas the EHS and IMS data reference the right axis
The exact reasons for this disagreement are not clear, but some disagreement is expected because the calculations assume He collision gas and none of the experiments were done in He. However, we note that the correlation between IMS or CRAFTI experimental results and the EHS calculations is very good (vide infra) such that either type of experimental result could easily be calibrated to yield results in close agreement with the EHS calculations. Although the absolute agreement is poor, the observed trends in the CRAFTI data correlate quite well with the computed cross sections, as discussed below.
Even though none of the experimental data sets agree perfectly with the calculated results, all show reasonable linear correlations with the calculated results. Perhaps surprisingly, the correlation between the CRAFTI data and the EHS cross sections is somewhat better (as measured via R 2 , Table 2 ) than the correlation observed for any of the IMS data sets [4] [5] [6] , despite the fact that the computed cross sections were designed to reproduce IMS results. The same is true when the various experimental measurements are correlated with either the projection approximation or trajectory method calculations (data not shown), so this is not an artifact due to using the EHS method. The correlation between the TWIMS data and the computed cross sections is weaker, but the trend line for the TWIMS data is quite similar to that observed for the full IMS data sets and likely the weaker correlation is just due to fewer points in the TWIMS data. In some cases, the deviations for all the experimental measurements from the best-fit lines are similar. For example, the experimental cross section for the smallest protonated amino acid, GlyH + , is above the trendline in every dataset. Similarly, the experimental values for the largest protonated amino acid, TrpH + , are above the trendlines in every dataset. Results such as these suggest that perhaps the error actually lies in the model calculation, and point out an extra benefit of having an additional, independent means, such as CRAFTI, of making the experimental measurements.
The correlation between experimental and computed cross sections (see Supplementary Table SI-1) improves slightly for each of the experimental methods when Boltzmann-weighted average computed cross sections are used, rather than simply using the computed cross sections for the lowest-energy structures found in the MMFF conformational search for each amino acid. Evidently the averaging procedure helps make up for likely inaccuracies in the MMFF force field's relative energies for the various conformers.
In summary, all the experimental measurements correlate linearly with the Boltzmann-weighted average computed EHS cross sections, so results from any of these experimental methods could be linearly scaled to produce results that compare quantitatively with the computed values. This is already routinely done in the calibration of TWIMS measurements, and the excellent correlation between CRAFTI measurements and EHS cross sections suggests a similar procedure could be used with CRAFTI.
Correlation of CRAFTI Cross Sections with Those from Mobility Methods
The agreement between various experimental cross section measurements for the 20 biogenic protonated amino acids is depicted in Figure 3 . In the Figure, as above, we have used the IMS values from reference [5] measured in N 2 collision gas at a field strength of 269 V cm -1 as the baseline values against which the other measurements are compared. Linear fits of the other data sets measured using drift IMS or TWIMS against this baseline set all have slopes with values near 1, although the intercepts of these fits are all significantly different from 0. The other data sets measured in N 2 collision gas correlate well with the baseline set; the correlation coefficients, R 2 , are 0.95 or greater in each case. The correlations are weaker for IMS measurements performed in Ar or CO 2 collision gases, with R 2 values of 0.917 and 0.765, respectively. TWIMS measurements with He collision gas [7] also correlate less well, with an R 2 value of 0.633, although this Boltzmann weighted average of five lowest MMFF energy conformers computed using the exact hard sphere scattering method in MOBCAL Figure 2 . Correlation of experimental cross section measurements with Boltzmann-weighted cross sections computed using the exact hard sphere scattering method from molecular models. Error bars represent ±1 standard deviation from replicate measurements, and lines are linear fits to the data; references for literature data are shown in the symbol key may at least in part be due to the fact that only seven of the 20 protonated amino acids were measured in the TWIMS study.
As expected from the data in Table 1 , the fit of the CRAFTI data against the baseline set yields a slope much greater than 1 (6.7 ± 0.4). The correlation coefficient from the CRAFTI fit is 0.927, which is comparable to the R 2 value obtained when IMS measurements made with Ar collision gas are compared with those made in N 2 . Therefore, even when compared with IMS measurements made at much lower energies in a different collision gas, the CRAFTI values correlate reasonably well.
Disagreement of Absolute CRAFTI Cross Sections with Those from Mobility Methods
Although the qualitative correlation between CRAFTI cross sections and both EHS calculations as well as IMS measurements is very good, strongly suggesting CRAFTI reflects structural differences among the protonated amino acids, the absolute agreement in the values is poor. Our long-range goal is to make accurate absolute cross section measurements using CRAFTI because such measurements could be compared with cross sections calculated from molecular structures and used to distinguish between different possible structures. This is already done routinely using IMS data and can be done using TWIMS measurements if the TWIMS results are properly calibrated.
The data in Table 1 show that the absolute agreement between CRAFTI and either computed cross sections or other experimental measurements are poor; CRAFTI cross sections for the smallest protonated amino acids are only slightly larger than the EHS values, whereas most CRAFTI cross sections are much larger than the EHS values and for the most massive ions the CRAFTI cross sections are nearly a factor of three larger than those from the EHS calculations. This difference is most easily seen in the very large slope and nonzero intercept of the CRAFTI-EHS correlation line ( Figure 2 and Table 2 ).
As we attempt to make comparisons between the absolute values of cross sections made using CRAFTI with those from IMS (and with those from calculations, such as the EHS calculations used here, which are designed to model IMS), we wish to emphasize the significant differences between the techniques. IMS measurements involve multiple low-energy collisions (typically about 0.1 eV) between ions and neutrals; the change in drift time for ions with different cross sections is the cumulative result of a large number of collisions. At these low collision energies, for small molecules such as the protonated amino acids described here, the Langevin ion-induced dipole cross section is larger than the hard sphere cross section, so IMS data will be strongly dependent on the long-range ioninduced dipole interaction potential. CRAFTI, on the other hand, involves single collisions at far higher energies (1.9 keV in the laboratory frame in this work) and detects the collisions by whether or not the ion's motion is dephased from that of the coherently-orbiting packet prepared by the FTICR excitation pulse.
Langevin cross sections decrease with increasing relative velocity. At the energies and velocities used in FTICR detection events, hard sphere cross sections are always larger than Langevin cross sections, so a hard sphere collision model is more appropriate [26] . The influence of collision models on cross section measurements in FTICR instruments, and the importance of making the measurements under Benergetic hard sphere^scattering conditions, has recently been discussed [27] . Dephasing will definitely occur if the ion undergoes collisioninduced dissociation, which is likely at these energies. Because dissociation changes the cyclotron frequency of the ion, ions that undergo dissociative collisions are no longer part of the coherent packet. Momentum transfer may also cause dephasing, but its role is more complex than in IMS because it is unclear what fraction of the ion's momentum must be lost to cause it to dephase; some collisions could result in slowing the ion down so that its orbit radius decreases, while leaving it in phase with the rest of the packet.
If momentum transfer were the only process contributing to the CRAFTI cross sections, we would expect the CRAFTI cross sections to be smaller than the IMS cross sections, both because we use a smaller collision gas (Ar, versus N 2 in the relevant IMS cases) and because momentum transfer cross sections decrease with increasing kinetic energy (as we noted above, CRAFTI is carried out at much higher collision energy [1.9 keV in the laboratory frame in these experiments] than IMS [less than 0.1 eV, typically]). In fact, variable-energy CRAFTI experiments conducted with monoatomic ions [9] , which cannot dissociate, and with a few of the protonated amino acids (data not shown) do show decreasing cross sections with increasing kinetic energies. As a reviewer points out, collisions resulting in dissociation should already be included in the hard sphere momentum transfer cross section and so should not cause CRAFTI cross sections to be larger than IMS momentum transfer cross sections. Other processes must therefore play a role in CRAFTI. For instance, it is possible that ion-ion collisions might lead to scattering and dephasing. Ion-ion collision cross sections would be expected to be much larger than hard sphere cross sections. However, we see no evidence of ion-ion collisions; if such processes were dominant we would expect nonlinear dependence of FTICR linewidth on collision gas pressure, which we do not observe. Further, experiments in which CRAFTI cross sections are measured for varying initial signal amplitudes (obtained by de-tuning the ion source) show only random variation in cross section with initial signal amplitude, suggesting ion-ion collisions or space charge effects do not significantly influence the current results.
So what might account for these differences? The equation used to calculate CRAFTI cross sections, σ CRAFTI , is reproduced here [1, 2] :
In Equation 2, fwhm is the measured full-width at halfmaximum power spectral linewidth, n neut is the neutral collision gas number density, m is the mass of the ion, M is the mass of the neutral collision gas, q is the charge of the ion, d is the diameter of the FTICR trapping cell, β is the geometry factor for the trapping cell (0.897 for the Infinity cell used in these experiments [25] ), V pp is the peak-to-peak amplitude of the single-frequency rf excitation pulse, and t exc is the duration of that pulse. The derivation of the equation depends on the assumption that single, hard-sphere collisions are sufficient to cause dephasing of ions from the coherently-orbiting packet produced by application of the excitation pulse to the ion population. In the case of the protonated amino acids, the collision gas (Ar, 39 u) is not much less massive than the ions (76-205 u), so single, energetic collisions are likely to cause dephasing. In addition, plots of fwhm linewidths versus collision gas pressure are linear, again suggesting that we are operating in a regime where ions are dephased by single collisions.
Could errors in one or more of the terms used in the calculation of cross sections account for the disagreements with the IMS results? Most of the terms in Equation 2, including all the masses and charge, are easily and accurately measured. The same trapping cell with the same diameter, d, and cell geometry constant, β, and the same value of t exc were used in all experiments; these could not account for the observed differences. The fwhm term is experimentally measured, typically with values of tens to hundreds of Hz and with differences between replicate measurements of less than 1%, so is not likely to account for large errors in the absolute cross sections. This leaves n neut and V pp as potential sources of error. CRAFTI cross sections are inversely dependent on both terms, but because neither term was held constant for all experiments, the dependence is more complex than simple inverse dependence. We explored the influence of each of these terms by means of a spreadsheet model that allowed linear variation of all the n neut or V pp terms so that the effects on the entire CRAFTI dataset could be gauged. Our purpose in doing this is not to force the CRAFTI results into agreement with the other data, but merely to examine how the the n neut and V pp terms affect the results for the entire dataset.
The n neut term is difficult to measure accurately. As noted above, we measure pressures (and therefore the n neut term) by measuring the Ar + in Ar FTICR linewidth [9] ; the values reported in Table 1 are all based on such linewidth pressure measurements. We also measured pressures during these experiments using more conventional cold cathode gauge tube methods. These two pressure measurement techniques can differ by as much as a factor of two. Errors in pressure could well account for large errors in absolute cross sections. If the n neut term is systematically too small, cross sections would be correspondingly too large; a factor of two error, which is not unreasonable, would be sufficient to bring the absolute CRAFTI cross sections into rough agreement with the EHS values. Because the pressure variation is different for each amino acid, scaling the pressure affects both the slope and the intercept of the CRAFTI-EHS correlation curve. So, if the pressures derived from Ar + in Ar FTICR linewidths were too small by a reasonable factor, it might account for the absolute differences.
The V pp values were measured using an oscilloscope, and varied with the masses of the different amino acids so as to maintain constant laboratory frame kinetic energy. Connection of the scope to the rf circuit changes the impedance of the circuit and could make the results inaccurate. As with the possible pressure errors noted above, linear scaling of the voltages affects both the slope and the intercept of the CRAFTI-EHS correlation curve. If the voltages used in determining the CRAFTI cross sections were systematically too low, this alone could account for the absolute differences. Again, the range of excitation voltages that produce reasonable agreement is well within the range accessible using our excitation amplifier and so is not unreasonable. Obviously, simultaneous linear variation of both the n neut and the V pp terms allows closer agreement with the EHS values.
One additional factor should be considered. Because the CRAFTI experiments were conducted at constant laboratory frame kinetic energy, collision energies in the center-of-mass reference frame were not constant, in contrast to the near-zero collision energies used in IMS measurements. Rather, collision energies in the center-of-mass frame decreased with increasing ion mass: the center-of-mass energy for the GlyH + measurements was roughly twice that for the TrpH + measurements. Because collision cross sections increase with decreasing collision energy, we might expect the cross sections for the higher mass ions to be larger than they would be if all the experiments had been performed at the same energy in the center-of-mass reference frame, and this might account for some of the observed deviations. This idea will be tested in future experiments, although at this point it seems unlikely that kinetic energy differences alone could account for all the disagreement.
In summary, at this point it is not clear why the absolute CRAFTI cross sections do not agree better with the absolute values measured using IMS techniques or calculated from conformationally averaged structures. Some combination of errors in pressure measurement, excitation voltage, or kinetic energy effects could reasonably account for the differences. At the same time, it is clear that the qualitative agreement between CRAFTI and the other methods is very good.
Conclusions
Measurements of the CRAFTI cross sections of the 20 biogenic amino acids yield results which, although not in absolute agreement with IMS measurements, correlate with the IMS measurements about as well as IMS measurements in different collision gases correlate with each other. The CRAFTI cross sections also correlate well with cross sections calculated from molecular models using the exact hard sphere scattering method, suggesting that the CRAFTI results accurately reflect differences in molecular structure and can be used to distinguish between proposed gas-phase structures. In addition, the CRAFTI cross sections show nearly identical structural trends as are observed in IMS cross sections for the protonated amino acids. These observations provide strong evidence that CRAFTI can be used to obtain structurally meaningful data for gas-phase ions. For the biogenic amino acids, the CRAFTI cross sections are also consistent with expectations about how compactly the various side chains should fold in the gas phase.
At this point the ability of CRAFTI to distinguish between structures of gas-phase ions is roughly comparable to that of IMS for small molecules such as the protonated amino acids examined here. However, the CRAFTI technique is still in its infancy, and there is hope that further refinement of the technique may lead to improvements in accuracy and resolving power. In particular, the ability of CRAFTI to operate at various collision energies might be exploited to improve its performance; for instance, we suspect that the correlations between CRAFTI results and cross sections from IMS or from computed structures will probably improve if the CRAFTI experiments are conducted at constant kinetic energy in the center-of-mass reference frame. Further, it is likely that the resolving power of CRAFTI is collision energy-dependent and might be improved by judicious choice of collision energy. On the other hand, it is probable that the CRAFTI technique will fail at significantly higher molecular weights than were employed here because the assumption of single collision dephasing will eventually become invalid when the ions are much more massive than the collision gas. Although we have used CRAFTI in Ar successfully for m/z values up to about 1300, we do not know at what value of m/z the method is likely to fail. Experiments conducted at higher kinetic energies and in higher-field magnets than are available to us suggest measurements can be made for ions as massive as ubiquitin and cytochrome c [3] . Much work remains to be done.
